Abstract-As to low observable platform, one of the major contributing sources of target RCS is the scattering due to onboard antennas. So the research on RCS reduction of the antenna is important. In this paper, a holly-leaf-shaped monopole antenna with low RCS is designed. A square notch is etched to improve impedance matching and expand the bandwidth in the ground. The measured −10 dB bandwidth is from 2.1 to 15.4 GHz (only a little higher than −10 dB around 7.5 GHz). The radiation patterns retain symmetry and are relatively stable at 2.5, 8 and 11 GHz. The monostatic RCS performance in four different incident cases is studied to obtain some helpful conclusions for the RCS reduction of the UWB antenna. The RCS achieves effective reduction in comparison with that of the reference antenna. The largest reduction is 4.1, 19.8, 3.9 dBsm in three different incident cases, respectively, while the largest loss of gain is only about −1.3 dB. The antenna suits the occasion of desiring UWB antenna with low RCS.
INTRODUCTION
As a basic parameter that weighs up the exposure characteristic in the radar detection and stealth technology, radar cross section (RCS) [1] [2] [3] [4] is a measure of power scattered by the target towards the illuminator. RCS reduction aims to control and reduce RCS of the military target to make it difficult to be discovered. Many military platforms are required to exhibit a low radar cross section in order to avoid detection by radar. The RCS of sensitive targets has been reduced considerably in recent years. As to low observable platform, one of the major contributing sources of target RCS is the scattering due to onboard antennas. But conventional radar absorbing materials (RAM) coating techniques cannot be applied in this situation, as they will severely degrade the antenna performance. So RCS reduction of the antenna has become an important task to be solved. The related study is becoming a hot topic [5] [6] [7] [8] [9] .
The ultra-wideband (UWB) radar and communication systems in the close quarters have the advantages of ultra-wideband spectrum and high resolving distance capability, which determine the ability of the accurate target identification and acquisition of fine characteristics of the complex objects. They have promising application values in the stealth and anti stealth domains. The ultra-wideband antenna [10] [11] [12] [13] is a key component in developing the UWB technique. But it is very difficult to reduce the RCS of the UWB antenna due to the ultra-wide bandwidth. So the research on UWB antenna with low RCS is very valuable [14] [15] [16] [17] .
The printed monopole antennas have the merits of wide band, low cost, light weight, satisfactory radiation pattern and easy manufacturing. But its high RCS usually limits its application in stealth platforms [18] [19] [20] [21] . In this paper, a novel monopole antenna with low RCS is designed. The antenna is composed of a holly-leaf-shaped radiating patch and a ground with a square notch which are located at the two sides of the substrate respectively. This paper analyzes both the radiating and scattering characteristics. The simulated and measured results show the antenna has obtained not only broad bandwidth but also low RCS almost in the whole operating band in comparison with the reference antenna.
THEORY ANALYSIS
The total scattering field ( E s (Z l )) can be divided into two categories: scattering of structural mode ( E s (Z c )) and antenna mode ( E a (Z l )). The scattering field of structural mode is determined by the structural characteristics such as antenna type, geometry, and material constitutions. That of antenna mode, which will change with different kinds of loads, lies on the reflection coefficient of the transmitter or receiver at the feed-in port. Their relationship is given by [22] 
where Z l is the port load, Z c is the antenna intrinsic impedance, Γ l is the antenna reflection coefficient, Γ a is the load reflection coefficient of the receiver, b m o is the scattering incepting matching amplitude when the antenna port is with matched load, E t 1 is the radiating electric field with the unit excitation.
Substituting Z l = 0 and Γ l = −1 into formula (1) yields
Substituting Z l = ∞ and Γ l = 1 into formula (1) yields
Solve Eqs. (3) and (5), scattering field E s (Z c ) and b m 0 E t 1 can be obtained as:
Substituting (6a) and (6b) into Eq. (1) yields (7) where E s (∞) and E s (0) are the scattering field with open and short load at the feed-in port respectively. As can be seen from formula (7), the antenna scattering field with arbitrary load can be obtained by that of open and short circuits. What's more, the phase difference between the RCS of structural mode and that of the antenna mode can be easily deduced from (1), (6a) and (6b).
ANTENNA GEOMETRY
The geometries of the holly-leaf-shaped and reference antennas are shown in Figs. 1(a) and (b), respectively. As shown in Fig. 1(a) , the holly-leaf-shaped antenna is printed on the FR-4 substrate with the thickness of 0.8 mm and relative dielectric constant of 4.6. The radiating patch and ground plane are printed on the two sides of (a) (b) Figure 1 . Geometries of the antennas: (a) holly-leaf-shaped antenna, (b) reference antenna.
the substrate, respectively. Based on the bionics principle and the model of holly leaf, the radiating patch is composed of a rectangle and several tangential circle loops with the equal width to look something like the holly leaf. The ground plane is smoothed at the left and right edges to prevent the radiation beam to be gradient. There is a square notch in the ground for adjusting the gap between the radiating element and ground to improve the matching and bandwidth. Fig. 1(b) is the geometry of the reference antenna, which is a slightly modified geometry of the antenna in [17] . Its substrate is the same as that of the novel antenna. The sizes of the two antennas are both 50 mm × 42 mm × 0.8 mm.
PERFORMANCE AND ANALYSIS
Because the radiation and scattering performance of antennas nearly can't enhance at the same time, the principle of designing this antenna is to find ways to reduce the RCS at the premise of basically maintaining the bandwidth and radiation characteristic. It is well known that two different biologic objects with similar sizes usually have completely different RCS. Based on bionics principle, the geometry of the proposed antenna in Fig. 1(a) is designed to look something like the holly leaf to have less metal area than the reference antenna in Fig. 1(b) , as a result of which, the RCS of the antenna can be reduced effectively. On the other hand, a square notch is etched to improve the impedance bandwidth in the ground.
Impedance Bandwidth
As shown in Fig. 2 , the −10 dB simulated impedance bandwidth of the holly-leaf-shaped antenna is from 2 GHz to more than 11 GHz which is wider than that of the reference antenna. What's more, the return loss of the reference antenna is a little more than −10 dB around 3 GHz and 8.2 GHz. All simulations in this paper are performed by HFSS software.
The holly-leaf-shaped monopole antenna is fabricated and measured. As shown in Fig. 3 , two curves have similar shape. The measured result shows that the return loss is below −10 dB from 2.1 to 15.4 GHz (only a little higher than −10 dB around 7.5 GHz). The measured bandwidth is wider than the simulated result, which may be due to a larger tan δ of the substrate and the fabrication error.
Radiating Performance
The radiation patterns of the holly-leaf-shaped antenna are given in Fig. 4 , which shows that the measured and simulated results are basically consistent. And the radiation patterns retain very high frequency. The gain comparison of the two antennas is shown in Fig. 5 . It can be shown that the gain of the holly-leaf-shaped antenna is lower than that of the reference antenna almost in the whole operating band. The largest gain loss is about −1.3 dB at 9.5 GHz. This loss should be caused by the area reduction of the radiating patch.
Scattering
Performance for the Case of k Vector (0, 0, −1) and E Vector (0, 1, 0) Figure 6 gives the monostatic RCS curves of the holly-leaf-shaped and reference antenna, which are both with matched load (50 Ω) at the feed-in port. So it can be deduced from formula (1) that the values of the RCS are mainly given by that of the structural mode in this situation. As shown in Fig. 6 , the holly-leaf-shaped antenna has lower RCS in the frequency band of 1.5-3.3 GHz and 5-13.4 GHz while the reference antenna only has lower RCS in the range of 3.3-5 GHz. It is apparent of the RCS reduction in the range of 5-13.4 GHz. The largest reduction is about 4.1 dBsm at 5.1 GHz. E vector of both the incident and received electric fields in Figs. 6 and 7 is (0, 1, 0) . K vector of the incident waves is (0, 0, −1). Figure 7 is the monostatic RCS of the holly-leaf-shaped antenna with different kinds of loads. As shown in Fig. 7 , there is no kind of load can always keep the RCS the largest or lowest in the whole UWB operating frequency band, which greatly increases the difficulty of reducing the RCS of the UWB antenna. This is because the UWB antenna has much wider bandwidth than the narrow band antenna to make the shift of phase difference between the antenna mode and the structural mode scattering field much lager.
Performance for the Case of k Vector (−1, 0, 0) and E Vector (0, 1, 0) Figure 8 shows the RCS comparison of the two antennas with matched load (50 Ω) at the feed-in port with the incident waves k vector (−1, 0, 0) and the incident and received electric fields E vector (0, 1, 0). It is seen that the RCS of the holly-leaf-shaped antenna has obtained some reduction in most of the frequency band. The reduction around 5.4 GHz, 9.1 GHz, 11 GHz, 12.6 GHz is obvious. The largest reduction is about 19.8 dBsm at 12.6 GHz. Figure 9 is the monostatic RCS of the holly-leaf-shaped antenna with different kinds of loads for the case of k vector (−1, 0, 0) and E vector (0, 1, 0), which also reveals that no kind of load can assure the RCS highest or lowest in the whole operating band. (1, 0, 0). It can be seen that the RCS of the holly-leaf-shaped antenna has obtained effective reduction in most of the frequency band. The largest reduction is about 3.9 dBsm. Because the incident electric field is perpendicular to the co-polarization of the antenna, the induced current can't arrive at the feed-in port to induce the scattering field of antenna mode. In this case, the scattering field of structural mode should be the main contribution to the total scattering field.
As can be seen from Fig. 11 , the RCS of the holly-leaf-shaped antenna with different loads are almost the same in the whole frequency band, which has proved that the RCS with k vector (0, 0, −1) and E vector (1, 0, 0) is mainly composed of that of the structural mode.
4.6. Scattering Performance for the Case of k Vector (−1, 0, 0) and E Vector (0, 0, 1) Fig. 12 shows that the RCS values of two antennas are both below −45 dB in the frequency band. It is because there is no induced current on the metal with the incident normal E vector (0, 0, 1), and as a result, the RCS of the substrate is the main contribution to the total. Figure 13 shows the RCS curves with different loads which are all very low. It can be concluded from formula (7) that the RCS values of the antenna with arbitrary load are mainly the contribution of the Figure 14 shows the comparison of four RCS curves. It can be concluded that the RCS values of any printed antennas should also be very low if the E vector is normal field.
CONCLUSION
Based on the bionics principle, a holly-leaf-shaped monopole antenna is proposed. The radiating patch is designed something like the holly leaf to balance the radiating and scattering performance. A square notch is etched in the ground to improve the matching and bandwidth. The simulated and measured results show that the holly-leaf-shaped antenna has wider impedance bandwidth than the reference antenna. The radiation patterns retain very symmetrical and are relatively stable.
The scattering performance is analyzed in four different incident cases. It can be concluded that the holly-leaf-shaped antenna has obtained lower RCS in most of the frequency band with the E vector parallel to the metal patch, the RCS with arbitrary load is mainly contributed by that of the structural mode for the case of the E vector perpendicular to the co-polarization of the antenna, and the RCS is very low with the incident normal electric field. The largest RCS reduction in three different incident cases has achieved 4.1, 19.8, 3.9 dBsm, respectively, while the largest gain loss is only about 1.3 dB.
The work in this paper may be helpful for the RCS reduction of the UWB antenna. This new design basically balances the radiating and scattering performance. So it is expected to be used in the occasion of desiring UWB antenna with low RCS.
